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The magnetization reversal and spin structure in circular Co/insulator/Ni80Fe20 trilayer dots 
has been investigated numerically. The effect of dipolar coupling between a soft 
ferromagnetic Permalloy (Py=Ni80Fe20) layer and a hard ferromagnetic Cobalt layer inside 
one stack is studied. We find either a stabilization or even a triggering of the vortex state in 
the Py layer due to the magnetic stray field of the Co layer, while the Co magnetization 
remains in a single-domain state. Furthermore, for thin Py layers a 360°-domain wall is 
observed. We construct a phase diagram, where regions of vortex stabilization, triggering, and 
occurrence of a 360° domain wall are marked.  
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Recently, magnetic tunnel junctions (MTJs) have gained increasing importance in 
magnetic data storage applications [1-5]. In particular, tunnel magneto-resistance (TMR) 
elements play an important role, e.g. in magneto-resistive read heads or magnetic random 
access memories [6]. A TMR element consists of two ferromagnetic (FM) layers separated by 
an insulating spacer. One geometry of the ferromagnetic layer has attracted considerable 
attention: disk-shaped soft FM nanostructures. Those can exhibit a so-called vortex state, 
which is characterized by an almost completely flux-closed curled magnetization state within 
the plane surrounding a small singularity at the center of the vortex where the magnetization 
is tilted out-of-the plane, viz. the vortex core [7, 8]. The flux-closed configuration leads to 
negligible stray-fields and thus reduces problems with inter-element interactions in close 
packed arrays e.g. in data storage systems [9]. Another interesting property is that each 
vortex-state carries two bits of information simultaneously, i.e. the chirality (sense of rotation) 
and the polarity of the vortex-core pointing either up- or downward [7, 10-14]. Therefore, 
possible technical realizations are vividly discussed [15, 12], e.g. the vortex random access 
memory (VRAM) [12]. 
Although the static [8, 16-22] and dynamic [23-27] properties of single-layer FM disk-
shaped nanostructures have been intensely investigated, the effect of inter-layer interactions 
onto the vortex state is scarcely studied [28, 29]. To address this issue we investigate 
cylindrical Cobalt/insulator/Permalloy (Co/ IS/ Py) nanostructures (dots) with various 
thicknesses of the Co- and the Py- layer using micromagnetic simulations. We find 
surprisingly a stabilization and even a triggering of the vortex state due to the dipolar 
coupling to the hard ferromagnetic (HFM) Co layer. For thin Py-thicknesses a 360°-domain 
wall (360°-DW) is observed. Furthermore, we can construct a phase diagram for different 
reversal mechanisms depending on the Co- and Py- layer thicknesses. 
The investigated system is schematically depicted in the inset of Fig. 2. It is a disk-shaped 
trilayer dot which consists of a HFM Co-layer with thickness tCo and a soft ferromagnetic 
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(SFM) Py-layer of thickness tPy separated by vacuum representing an insulating barrier of 
constant thickness 3 nm. The diameter is d = 300 nm. The thicknesses of the Co and Py layers 
are varied between 0 and 30 nm. We use the OOMMF micromagnetic simulation code [30] 
with the following parameters. The simulation cell size has been kept constant throughout as 3 
nm × 3 nm × 3 nm. The anisotropy constants used are KCo = 0.5⋅106 J/m3 for Co [31] and zero 
for Py. The exchange constants are ACo = 10×10-12 J/m [31] and APy = 9×10-12 J/m [32, 33] 
and the saturation magnetization Ms,Co = 1.44×106 A/m [31] and Ms,Py = 8×105 A/m [34].  The 
damping constant is taken to be α = 0.5. One should note that the Co- and the Py-layer are 
coupled only via the dipolar (demagnetization) energy. Hysteresis loops are recorded within 
the field range -3 kOe ≤ H ≤ 3 kOe. In this range only the Py-layer shows a magnetization 
reversal, while the Co-layer remains saturated along the +H-direction. The switching of the 
Co-layer occurs at ±5 kOe. 
Fig. 1 shows M(H) hysteresis loops for three different cases: Fig. 1 (a) and (b) display the 
first case of stabilization of the vortex state in the Py-layer. Panel (a) shows the magnetization 
hysteresis loop M(H) of a Py-dot with tPy = 30 nm without Co. It shows a hysteresis curve 
characteristic for a vortex state [8, 35], which is also evidenced by the corresponding spin 
structure at H = -0.3 kOe [lower image in panel (a)] being the nucleation field of the vortex. 
The upper image at H = -0.15 kOe shows the spin structure directly before the system 
develops a vortex state. One clearly observes a single domain state with an onion-like bending 
of the spin structure due to the circular shape of the dot. This is to be compared to the case 
shown in panel (b), where also tPy = 30 nm but with a Co-layer of tCo = 3 nm. The hysteresis 
loop shows a more pronounced vortex state as seen from the collapsed central part of the 
M(H)-curve. The finding of vortex stabilization is surprising, because studies on the vortex 
state in FM dots usually show a destabilization of the vortex, e.g., due to anisotropy [36, 37], 
coupling [28, 29] or exchange biasing [38]. Few cases exist where a stabilization of the vortex 
state has been observed [39]. The insets show the corresponding spin structures again at the 
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field value of vortex nucleation, i.e. H = 0.15 kOe [lower image] and at H = 0.30 kOe [upper 
image].  Here the latter clearly differs from a single domain state present in the case without 
Co. Such kind of spin configuration has been found before in other studies on Py monolayer 
dots both numerically [19, 20, 40] and experimentally [41]. The present state can be described 
as a so called “W-state” which is one of the various metastable intermediate buckling states 
between the vortex and onion state. The minor hysteresis loop of the Py layer appears 
vertically shifted due to the virtually constant magnetization contribution of the Co layer. 
Moreover, the dipolar interaction to the Co layer induces also a bias shift to positive field 
values. 
In the second case, displayed in Fig. 1 (c) and (d), even a triggering of the vortex state 
can be observed, i.e., where a vortex state in the Py layer can be found only when the Co layer 
is present. Panel (c) shows the reference curve M(H) of a Py-dot with tPy = 21 nm without Co. 
Here the magnetization reversal occurs by direct switching without any vortex, which is 
evidenced by the spin structure images at H = -0.3 kOe [upper image] and  H = -0.45 kOe 
[lower image]. The hysteresis curve shows a square-like loop. In comparison, the system 
together with a Co-layer of thickness tCo = 3 nm displays a vortex as depicted in the insets of 
panel (d) for H = 0.15 kOe [lower image]. Again in the image at H = 0.30 kOe a W-state 
[upper image] can be recognized, which in this case is less pronounced as compared to the 
trilayer-system with 30 nm Py layer thickness described above. The corresponding hysteresis 
curve shows a vortex-like loop shape. Consequently, the dipolar interaction triggers the 
nucleation of a vortex state. However, when an identical Py-dot without Co is relaxed from 
the paramagnetic state to its energetic ground state also a vortex is found. Therefore it can be 
concluded that the dipolar coupling to the Co layer does not 'create' a vortex state, but rather 
that it lowers the energy barrier for relaxing to the more favorable vortex state [42].  
In the third case, shown in Fig. 1 (e) and (f), a 360°-DW appears upon dipolar coupling 
with the Co layer. Panel (e) shows the reference hysteresis loop for the case tPy = 9 nm 
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without Co. The square loop-shape with the corresponding spin structure imaged at H = -0.3 
kOe [upper image] and H = -0.45 kOe [lower image] evidence a one step switching of the Py 
layer. However, in the dipolar coupled case with tCo = 3 nm a “C-state” is encountered [19, 
20], which develops into a 360°-DW [panel (f) and inset for H = 0.15 kOe and H = -0.60 
kOe]. This is also found for all smaller values of tPy from 3 to 6 nm.  
These results can be summarized in a tPy- tCo- phase diagram as shown in Fig. 2. Four 
regions are marked, i.e., 'A': reversal via direct switching, 'B': stabilization of a vortex, 'C': 
triggering of a vortex and 'D': occurrence of a C-state and 360°-DW. In region 'A' the Py layer 
reverses by direct switching without a vortex state. In region 'B' a vortex occurs already in the 
isolated Py dot, but it becomes stabilized by dipolar interactions to the Co layer. In 'C' a 
triggering of a vortex state is found, i.e., the vortex only occurs in the presence of the Co 
layer. In region 'D' a 360°-DW develops from a C-state. In the mixed region 'C/D' we observe 
a reversal process via an intermediate and metastable C-state, which in some cases may 
develop into a vortex state.  
In order to understand and to distinguish these scenarios, plots of the energy contributions 
vs. the applied field are considered. Fig. 3 (a-f) shows energy plots corresponding to the cases 
presented in Fig. 1 (a-f), i.e., (a) tPy = 30 nm, tCo = 0, (b) tPy = 30 nm, tCo = 3 nm, (c) tPy = 
21 nm, tCo = 0, (d) tPy = 21 nm, tCo = 3 nm, (e) tPy = 9 nm, tCo = 0 and (f) tPy = 9 nm, tCo = 3 
nm. In our case the formation of the vortex depends only on two energy terms, i.e., the 
demagnetization energy, Ed, and the Zeeman energy, EZe of the entire system. Therefore, these 
two contributions and in addition for comparison the exchange energy are depicted.  
For tPy = 30 nm without Co layer [Fig. 3 (a)] the nucleation of the vortex occurs at 
negative field values, H = -0.3 kOe, in the descending hysteresis branch (solid symbols) [42]. 
Vortex nucleation is mainly induced by the minimization of the demagnetization energy (blue 
circles). The annihilation of the vortex at -1.05 kOe is due to the Zeeman energy (red squares) 
term, which becomes increasingly important with decreasing negative fields. In addition, one 
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observes a slight increase in the exchange energy (black triangles) due to nucleation of the 
vortex. However, when a 3 nm thick Co layer is present the situation is different, as can be 
seen in Figure 3 (b). The hysteresis is biased by the Co layer and the vortex nucleates at a 
positive field of H = 0.15 kOe, reducing the demagnetization energy but increasing slightly 
the slope of the Zeeman energy curve. The latter is due to a higher Zeeman energy compared 
to the case when the Py layer stayed in the single domain state for positive applied fields. 
Eventually the vortex state becomes energetically unfavorable in large negative applied fields 
and thus annihilation of the vortex occurs at H = -0.9 kOe, which leads to a decrease of the 
Zeeman and an increase of the demagnetization energy. Coming from negative fields in the 
ascending branch, the vortex nucleates also at positive fields due to dipolar biasing of the Py 
layer. Here, both the demagnetization energy and the Zeeman energy are reduced. Moreover, 
for both field sweep directions one finds a slight reduction of the stray field energy before the 
system enters the vortex state. This can be described by the W-state mentioned above which 
occurs directly before vortex nucleation. In this case the two magnetic poles at the right and 
left hand side of the dot are displaced and thus lying closer together leading to a decreasing 
stray field [19, 20]. 
In Figure 3 (c) and (d) the case of triggering a vortex is displayed. Fig. 3 (c) shows the 
energy vs. H for direct switching. Here, the magnetization reversal is completely determined 
by the Zeeman energy. Switching occurs at -0.3 kOe (+0.3 kOe) for the descending 
(ascending) field branch, respectively. Figure 3 (d) shows the case of a triggered vortex state. 
One observes a strong similarity to the case above [Fig. 3 (b)] and again the reduction of the 
stray field energy due to the W-state. One can conclude that the dipolar coupling to the Co 
layer generates the W-state in a thick enough Py layer (i.e. cases of stabilization and 
triggering). Lying energetically closer to the vortex state the core-nucleation is then easier 
compared to the case where the system is in the single domain (onion) state. 
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The system considered in Fig. 3 (e) reverses via direct switching and consequently shows 
analogous behavior to the one depicted in Fig. 3 (c). However, in the case with Co layer, the 
energy curves are strongly modified due to reversal via a 360°-DW as seen in Fig. 3 (f). A C-
state nucleates at +0.15 kOe which reduces slightly the demagnetization energy and enhances 
slightly the Zeeman energy. It develops into a 360°-DW at H = -0.6 kOe and at H = -0.9 kOe 
the DW annihilates, which significantly reduces the demagnetization energy, the Zeeman 
energy and the exchange energy. In this case the antiparallel alignment of both layers is the 
energetically more favorable state. The minimum of the demagnetization energy for H = -0.15 
kOe corresponds to the case, where the C-state appears similar to a vortex state (without an  
out-of-plane component) minimizing the stray field contribution of the Py layer. Similar to the 
W-state, also the C-state lies energetically between the onion state and the vortex state. 
However in our case it develops into a 360°-DW. This indicates that it might be energetically 
more favorable than vortex nucleation. In the ascending field branch the C-state occurs at 0.15 
kOe, which increases the demagnetization energy but reduces the slope of the Zeeman energy 
curve. The latter is due to a smaller Zeeman energy compared to the case when the Py layer 
stayed in the single domain state. The annihilation of the DW at H = 1.05 kOe then leads to a 
decrease of the demagnetization energy and Zeeman energy.  
In conclusion, we have studied dipolar coupled Co/IS/Py trilayer dots by use of 
micromagnetic simulations and constructed a phase diagram of the magnetic states occurring 
in the Py layer. The anisotropy of the Co is chosen in such a way that it stays always in a 
single-domain state during field cycling. Varying the thickness of the Py and the Co layer we 
observe four different regions, i.e., vortex stabilization, triggering of  a vortex,  occurrence of 
a C-state and 360°-DW and a mixed phase, where a C-State and  in some cases vortex 
nucleation appear. The minimization of the demagnetization energy is responsible for the 
nucleation of a vortex in the Py. Obviously it is energetically more favorable to reduce the 
stray field energy inside the Py layer instead of forming a flux-closed antiparallel alignment 
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between the Py and the Co layer. The dipolar interaction with the HFM Co layer leads to the 
occurrence of metastable W- and C-states in the Py layer. The W-states and the C-state are 
lying energetically closer to the vortex state and a 360°-DW, respectively. This reduces the 
energy barrier for the development of a a vortex state for thick Py layers and a 360°-DW for 
thin Py layers, respectively. 
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Figure captions: 
Fig. 1. Hysteresis (Py minor) loops M(H) for the cases: (a) tPy = 30 nm, tCo = 0, (b) tPy = 30 
nm, tCo = 3 nm, (c) tPy = 21 nm, tCo = 0, (d) tPy = 21 nm, tCo = 3 nm, (e) tPy = 9 nm, tCo = 0 and 
(f) tPy = 9 nm, tCo = 3 nm. Insets show corresponding spin structures in panel (a) at H = -0.15 
[upper] and -0.3 kOe [lower image], in (b) at +0.3 and +0.15 kOe, in (c) at -0.3 and -0.45 
kOe, in (d) at +0.3 and +0.15 kOe, in (e) at -0.3 and -0.45 kOe and in (f) at +0.15 and -0.6 
kOe. The color code 'blue-white-red' corresponds to the x-component of the magnetization: (-
1.0, 0, +1.0) Ms. 
 
Fig. 2. Phase diagram of reversal modes depending on the Py and Co thickness. Letters mark 
different regions, i.e. 'A': reversal via direct switching, 'B': stabilization of a vortex, 'C': 
triggering of a vortex and 'D': occurrence of a 360°-DW. 'C/D' marks a mixed phase. The inset 
shows a schematic of the simulated trilayer dot with layers, Py, IS (=Insulator) and Co. 
 
Fig. 3.  Energy vs. applied field  corresponding to the cases in Fig. 1 (a-f), i.e., (a) tPy = 30 nm, 
tCo = 0, (b) tPy = 30 nm, tCo = 3 nm, (c) tPy = 21 nm, tCo = 0, (d) tPy = 21 nm, tCo = 3 nm, (e) 
tPy = 9 nm, tCo = 0 and (f) tPy = 9 nm, tCo = 3 nm. Shown are the demagnetization energy (blue 
circles), Zeeman energy (red squares) and exchange energy (black triangles) for the 
descending (solid symbols) and ascending field branch (open symbols).  
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